In this review, we briefly introduce the known biochemical and regulatory functions of formins in the context of neural development, and summarize their cellular functions in the developing brain.
Introduction
Over the past several decades, countless studies have provided a view of brain development comprising a complex series of dynamic and adaptive processes. Coordinated action from the actin and microtubule cytoskeletons underlie nearly all critical developmental processes in the brain, including progenitor proliferation, establishment of polarity, migration, elaboration of dendrites and axons, dendritic spine formation, and synaptic plasticity. Thus, given the well-known morphological complexity A C C E P T E D M A N U S C R I P T and intracellular compartmentalization of neural cells, it is important to understand the temporal and spatial segregation of cytoskeleton-regulating molecules.
One major class of effectors for both actin and microtubule regulation is the formin family, characterized as a group of proteins that contain the Formin Homology 1 and 2 (FH1 and FH2) domains.
The 15 mammalian formins show a huge variation in their ability to regulate actin dynamics and higher order actin structures by nucleating and elongating unbranched actin, as well as by having actin capping, bundling, and severing activities (Schönichen and Geyer, 2010; Breitsprecher and Goode, 2013; Pruyne, 2016) . Interestingly, the majority of formins have also been shown to mediate microtubule bundling and stabilization, in some cases independent of its actin polymerization activities (Bartolini and Gundersen, 2010; Thurston et al., 2012; Fernández-Barrera and Alonso, 2018) . Taken together, regulation of these two cytoskeletons put formins in a unique class of proteins placed at an important intersection of cytoskeletal maintenance.
Because multiple signaling mechanisms from both intrinsic and extracellular cues converge on the cytoskeleton, clarifying the attribution of individual formins to different cellular processes in neural cells is needed. The importance of formins in neural function has been further demonstrated by loss of function or mutation in multiple neurological disorders, including Charcot-Marie-Tooth disease (Boyer et al., 2011; Mademan et al., 2013; Toyota et al., 2013) , nonsyndromic intellectual disability (Lybaek et al., 2009; Law et al., 2014) , oligopathies (Cui and Xie, 2016) , and microcephaly (Ercan-Sencicek et al., 2015) . Furthermore, several neural disorders have been linked to formin genes, such as amyotrophic lateral sclerosis (Schymick et al., 2007) , schizophrenia (Proitsi et al., 2008; Kuzman et al., 2009) , and obsessive-compulsive disorder (Cappi et al., 2014) ; however, causative evidence remains lacking in these examples. With the wide-range of cellular activities formins have been shown to be associated with, it is clear that distinguishing individual formin-dependent activities is needed for understanding how the cytoskeleton is regulated in neural cells. Therefore, this review aims to summarize the current understanding of formin function in the context of brain development.
Formin subfamilies
The formins are distinguished by the presence of the FH1 and FH2 domains, which are necessary for actin polymerization and have been well-characterized phylogenetically to allow classification based on conservation (Higgs and Peterson, 2005) . On the other hand, the flanking sequences around the FH1 and FH2 domains show considerable variability, hinting at different cellular functions and manners of regulation ( Figure 1A ). We address the formins by the seven mammalian subfamilies, based on the sequence conservation of their FH2 domains: DIAPH, DAAM, FMN, FMNL, FHOD, Inverted, and A C C E P T E D M A N U S C R I P T GRID2IP (Table 1) . The FH2 domain is necessary for formin dimerization, and nucleates the first 2-3 actin monomers, an inherently energy intensive and rate-limiting step for actin polymerization (Otomo et al., 2005) . The FH2 dimer encircles and remains attached to the barbed end of the elongating F-actin, through hundreds of rounds of G-actin addition (Kovar and Pollard, 2004) (Figure 1C) . The mammalian formins all show arrangement of a flexible, proline-rich FH1 domain preceding the FH2 domain. Multiple profilin-actin complexes can bind to the FH1 domain, which are then rapidly delivered to the elongating barbed end of an F-actin associated with the FH2 domain (Watanabe et al., 1997; Paul and Pollard, 2008) .
Regulation of the actin-polymerizing activities of the formins remains an active field of research due to the diverse and overlapping strategies employed. However, one common mechanism is shared among the DIAPH, DAAM, FMNL, and FHOD subfamilies of formins, together known as the Diaphanous-Related Formins (DRFs)(Kühn and Geyer, 2014)( Figure 1B ). DRFs include an N-terminal GTPase-binding (GBD) and diaphanous inhibitory (DID) domains, the latter of which binds to the diaphanous autoregulatory domain (DAD) in the C terminus, resulting in an autoinhibited conformation of the formin (reviewed in Kühn and Geyer, 2014) . Disruption of this DID-DAD interaction by binding of a protein, often a Rho family GTPase, releases this intramolecular autoinhibition and activates the actin polymerization abilities of the DRF . It has also been demonstrated that some formins are regulated by phosphorylation (Takeya et al., 2008; Iskratsch et al., 2010 Iskratsch et al., , 2013 Cheng et al., 2011) , as well as by farnesylation and myristoylation (Chhabra et al., 2009; Block et al., 2012) .
In addition to the actin cytoskeleton, a growing body of work has implicated formins as regulators of the microtubule cytoskeleton. Modifying formin activity has been demonstrated to result in changes in microtubule organization, subcellular localization, and dynamics (reviewed in Fernández-Barrera and Alonso, 2018). Several formins have been shown to bind to microtubules directly, some with high affinity (60-95 nM) (Gaillard et al., 2011) , often in areas overlapping with the FH1-FH2 domains ( Figure 1A ). In some cases, formins have been shown to induce microtubule bundling (Gaillard et al., 2011) .
Furthermore, expression of the FH1-FH2 portions of the majority of formins results in microtubule acetylation (Thurston et al., 2012) , although the underlying mechanism remains unclear. Point mutations rendering the actin-polymerization ability null has shown that these microtubule-regulating activities are independent of its actin regulating abilities (Lu et al., 2007; Ramabhadran et al., 2012) .
Growing evidence supports the idea that despite the large number of formin members and their shared involvement in cytoskeletal regulation, many play distinct cellular roles. Formins are involved in the formation of filopodia, lamellipodia, stress fibers, molecular scaffolds, and cytokinetic actin rings (reviewed in Breitsprecher and Goode, 2013) . Formin involvement in both actin and microtubule dynamics has also demonstrated roles in general cell functions like cell division (Cheng et al., 2011) , Koka et al., 2003; Daou et al., 2014) , vesicle and organelle trafficking (Fernandez-Borja et al., 2005; Schuh, 2011; Zilberman et al., 2011) , polarization (Thumkeo et al., 2011; Andrés-Delgado et al., 2012) , and membrane receptor trafficking (Toyoda et al., 2013) . Although rudimentary assessment has shown that most formins are found in the developing brain (Krainer et al., 2013; Dutta and Maiti, 2015) , examples of more detailed observation have shown that the temporal, spatial, and cell-type dependent expression of formins in the brain differ widely, even within the same subfamily (Kida et al., 2004; Nakaya et al., 2004; Thumkeo et al., 2011) . Here, we will highlight the areas lacking in information on the developmentally regulated expression and function of formins in the brain, and attempt to present future avenues of important investigation.
Diaphanous related formins (DIAPH1, DIAPH2, DIAPH3)
The diaphanous subfamily of formins includes three members, DIAPH1, DIAPH2, and DIAPH3
(also commonly known as mDia1, mDia3, and mDia2, respectively), and are members of the DRF group.
The DIAPHs are arguably the best characterized subfamily at both the biochemical and cellular levels; it has been shown that all three DIAPHs nucleate actin and increase barbed end elongation speed Higgs, 2003, 2005; Shimada et al., 2004; Kovar, 2006; Machaidze et al., 2010) , and DIAPH2 and DIAPH3 show actin bundling activity (Harris et al., 2006; Machaidze et al., 2010) . Furthermore, all DIAPHs have been shown to bind to and stabilize microtubules (Bartolini and Gundersen, 2010; Thurston et al., 2012) .
The DIAPH subfamily has been directly implicated in many steps of neural development, including maintenance of neuroepithelial polarity (Thumkeo et al., 2011) , migration (Shinohara et al., 2012) , axon formation (Arakawa et al., 2003; Ohshima et al., 2008; Toyoda et al., 2013) , dendrite formation (Tominaga et al., 2002; Qu et al., 2017) , and spinogenesis (Hotulainen et al., 2009 ). DIAPH1 and DIAPH2 are expressed throughout multiple regions of the brain as early as E12.5 with maintenance at high levels into adulthood (Arakawa et al., 2003; Herzog et al., 2011; Shinohara et al., 2012) . DIAPH1
shows perinuclear localization in human cortical neural progenitor cells and colocalization with centrosomes and mitotic spindles (Ercan-Sencicek et al., 2015) . Consistent with studies in non-neural cell lines demonstrating that all three DIAPHs are involved in cell division (Yasuda et al., 2004; Watanabe et al., 2008; DeWard and Alberts, 2009; Zhang et al., 2015) , microcephaly has been reported in three unrelated families showing homozygous loss of DIAPH1 (Al-Maawali et al., 2015; Ercan-Sencicek et al., 2015) . However, this finding was inconsistent with a DIAPH1 and DIAPH2 double knockout mouse model that displayed no microcephaly, and instead showed an increase in proliferation of neural progenitor cells in periventricular dysplasia (Thumkeo et al., 2011) . This increase in proliferation was due
to disruption of apical adherens junctions and loss of polarity, which was also reported when a dominantnegative DIAPH1 construct was expressed in VZ progenitors (Herzog et al., 2011) (Figure 2A ). Thus, it remains unclear why such differing observations have been made between mouse and human.
Interestingly, DIAPH1 was reported to bind directly to the transcription factor PAX6 and block its binding to DNA (Tominaga et al., 2002) . The authors further showed that overexpression of DIAPH1 in cerebellar granule cells resulted in translocation of Pax6 out of the nucleus. This finding was later supported by studies demonstrating that DIAPH family members can shuttle between the nucleus and cytoplasm (Miki et al., 2009; Baarlink et al., 2013) . Although the functional significance of DIAPH1-PAX6 interaction has not yet been demonstrated in neural progenitors, further assessment of this interaction would be of interest given the importance of PAX6 expression level in brain development (Sansom et al., 2009 ).
DIAPH1 and 2 have also been demonstrated to be involved in neural migration in a subset of neuronal subtypes (Shinohara et al., 2012) . The authors reported that while there was no change in radial migration of pyramidal neurons in the cortex, tangential migration of cortical inhibitory interneuron precursors was disrupted in double knockout mice. They further demonstrated that double knockout of DIAPH1 and 2 resulted in disruption of F-actin at the rear of the cell behind the nucleus, but no change in microtubule arrangement or acetylation ( Figure 2B ). Thus, while it appears DIAPH regulation of actin in migrating neural cells is important, this appears to be a cell-specific activity, and it is not yet clear how DIAPH is differentially regulated among the different neural populations.
Neurite formation has been shown to be regulated by the DIAPHs in multiple manners. Double knockout of both DIAPH1 and 2 results in aberrant axon crossing of corticospinal neurons and spinal cord interneurons (Toyoda et al., 2013) , which was shown to be attributed to two reasons. The first was due to a mislocalization of Ephrin B3 expression at the midline due to periventricular dysplasia in the spinal cord, which resulted in gaps that allowed axons to pass through. Second, growth cones from DIAPH1 and 2 double knockouts were unable to completely collapse and retract in response to Ephrin A5, Ephrin B3, and Semaphorin3A repulsive signals. DIAPH mediation of responses to chemorepellents and chemoattractants have been further supported in studies demonstrating DIAPH1 facilitation of axon growth in response to the chemoattractant SDF1-α in cerebellar granule cells (Arakawa et al., 2003) and entorhinal cortical neurons (Ohshima et al., 2008) .
In addition to axon morphogenesis, DIAPH1 has been shown to be involved in regulation of dendrite architecture via regulation of Golgi movement into dendrites (Hong et al., 2018) . The positioning of the Golgi in neurons within the soma as well as dispersion into dendritic branching points is important
for achieving proper neuronal dendrite morphology (Horton et al., 2005; Ori-McKenney et al., 2012) .
DIAPH1 was shown to be critical for mediating RhoA-dependent localization of the Golgi, and knockdown resulted in mislocalization and loss of polarized positioning at the base of major dendrites.
These results are consistent with the observation that DIAPH1 was required for RhoA-dependent Golgi dispersion in an actin-dependent manner in Hela JW cells (Zilberman et al., 2011) ; however, it was not confirmed whether this Golgi mislocalization in neurons was due to actin dysregulation. While the authors demonstrated that DIAPH1 knockdown resulted in a decrease in total dendrite length and branch points in hippocampal pyramidal cells, this morphological phenotype was similarly observed in another study that demonstrated DIAPH1 knockdown leading to increased MT catastrophe and decreased detyrosinated microtubules (Qu et al., 2017) . Thus, clarification of the contribution of DIAPH1 regulation of the actin and microtubule cytoskeletons will be helpful to understand its role in dendritic formation.
In mice, DIAPH3 showed transient expression between E18 and P8 with loss of expression at adulthood (Shinohara et al., 2012; Spence et al., 2016) , during the timeframe in which spinogenesis occurs (Hotulainen et al., 2009) . Knockdown of DIAPH3 resulted in a slight increase in stubby spines and a decrease in total dendritic protrusion density, whereas expression of a constitutive active DIAPH3 construct showed increased filopodia-like spines with localization at the tips (Figure 3 ). On the other hand, a recent study showed that knockdown of DIAPH1 in cultured hippocampal neurons resulted in slightly increased dendritic protrusion density (Qu et al., 2017) . These results suggest that DIAPH members may not have redundant functions in neurons, and caution is necessary when extrapolating data from one DIAPH member to another.
Dishevelled associated activator of morphogenesis (DAAM1, DAAM2)
Both DAAM1 and DAAM2 show complementary patterns of expression throughout the developing mouse brain and spinal cord in layer and region-specific patterns (Kida et al., 2004; Nakaya et al., 2004) , suggesting distinct functions during development. Similar to the DIAPH family, DAAM1 and DAAM2 shows autoinhibition dependent on DID-DAD interaction released by Rho GTPase binding to the GBD (Higashi et al., 2008) . However, unlike the DIAPHs, DAAMs are also activated by Dishevelled (DVL) family members, an integral component of the Wnt pathway. The PDZ domain of DVL1 and 2 was shown to bind to the DAD in DAAM1, resulting in release of DAAM1 autoinhibition as well as increased binding to GTP-Rho (Habas et al., 2001; Liu et al., 2008; Tsuji et al., 2010) . This interaction was shown to mediate the non-canonical Wnt pathway, also known as the planar cell polarity (PCP) pathway, which connects Wnt signaling to cytoskeletal rearrangement and is requisite for proper neural tube closure (Habas et al., 2001; Liu et al., 2008 Liu et al., , 2011 . It was also reported in a non-neural model that
EphB receptors form a ternary complex with DAAM1 and DVL2, providing an intersection between Wnt and Ephrin signaling (Kida et al., 2007) . The authors proposed that in the presence of non-canonical Wnt signaling, DAAM1 mediates endocytic removal of EphB receptors. Given the function of EphB receptors in spine morphogenesis and axon pathfinding (Kania and Klein, 2016) , these findings together suggest the possibility that this interaction may also be utilized in neural models.
On the other hand, it was reported that DVL3 binds to the GBD in DAAM2 (Lee and Deneen, 2012) , and it remains unclarified whether this association relieves DAAM2 of autoinhibition. Unlike DAAM1, this interaction was shown to potentiate the canonical Wnt pathway. These disparate interactions may be reflective of the relatively low homology shared between DAAM1 and DAAM2, of approximately 60% (Kida et al., 2004; Nakaya et al., 2004) . Despite this low sequence similarity, functional studies on DAAM family regulation of actin have been limited to DAAM1 or the drosophila homolog dDAAM, which have been shown to be able to nucleate and bundle F-actin, as well as processively elongate F-actin without increasing the speed of elongation (Barkó et al., 2010; Jaiswal et al., 2013; Vig et al., 2017) . On the other hand, the microtubule binding and bundling activities between DAAM1 and DAAM2 appear to be similar, and both DAAM1 and DAAM2 can induce microtubule acetylation when overexpressed (Thurston et al., 2012) . Studies demonstrating the subcellular localization of DAAM family members in the brain have been limited to neurons, with accumulation observed in the tips of filopodia in growth cones, in the dendritic shaft, dendritic filopodia and spines, and axon shaft (Matusek et al., 2008; Salomon et al., 2008; Gonçalves-Pimentel et al., 2011; Kawabata Galbraith et al., 2018) . DAAM involvement in axon formation has been highly studied in multiple stages of drosophila CNS development (Matusek et al., 2008; Gonçalves-Pimentel et al., 2011; Gombos et al., 2015; Szikora et al., 2017) . It was first reported that loss of dDAAM in the embryonic drosophila brain resulted in decreased neurite formation, misrouted axons, loss of axon bundles, and failure in commissure separation, whereas constitutive active expression resulted in axon fasciculation (Matusek et al., 2008) . Furthermore, growth cone filopodia showed decreased length and number after dDAAM loss (Gonçalves-Pimentel et al., 2011) . This was likely due to aberrant actin regulation, because a point mutation in the FH2 domain of dDAAM disrupting in vitro actin polymerization was shown unable to rescue the axonal defects.
However, a later report demonstrated that direct binding of dDAAM to microtubules as well as EB1 also contributed to the axonal defects observed in dDAAM mutants, and it was shown that dDAAM enhanced microtubule stability and decreased catastrophe . The authors reported simultaneous binding of dDAAM to the actin and microtubule cytoskeletons was necessary for proper motility of microtubule plus ends within the growth cone filopodia. Careful synaptic fractionation and
immunofluorescence analysis also showed presynaptic localization of DAAM1 in hippocampal pyramidal cells (Wagh et al., 2015) , which was required for activity-induced accumulation of actin at the presynapse.
In the somatodendritic compartment, DAAM1 was demonstrated to localize within dendritic shafts as well as colocalize with the synaptic marker PSD95 in a subset of spines and dendritic protrusions in hippocampal pyramidal neurons and Purkinje cells (Salomon et al., 2008) . Consistently, expression of constitutive active DAAM1 resulted in lengthening of dendritic protrusions and gradual retraction of dendrites due to the aberrant increase in linear actin polymerization (Kawabata Galbraith et al., 2018) . Although DAAM1 loss-of-function studies have not been observed in the mammalian brain, loss of dDAAM in drosophila Kenyon cells was reported not to affect dendrite elaboration (Gombos et al., 2015) , whereas knockdown of zebrafish Daam1a in habenular neurons resulted in reduced dendrite branching with concomitant decreases in both F-actin and α-tubulin (Colombo et al., 2013) . Although these inconsistent results appear to be due to cell-specific localization of DAAM to different neuronal compartments, further loss-of-function studies are of interest to determine whether DAAM family members function in dendrite development in a cell-specific manner.
On the other hand, DAAM2 has been demonstrated to regulate progenitor patterning and proliferation. DAAM2 was first shown to be involved in dorsal patterning in the developing chick CNS (Lee and Deneen, 2012) . This was attributed to DAAM2-mediated potentiation of the canonical Wnt signaling pathway by clustering of DVL into potential signalosomes. Knockdown of DAAM2 resulted in a significant decrease in dorsal spinal cord VZ progenitor markers PAX3 PAX7, and PAX6, with no loss of the progenitor marker SOX2, suggesting that DAAM2-mediated Wnt signaling does not change progenitor status, but instead changes the dorsal-ventral patterning of progenitors. Because DAAM2 is able to directly bind to DVL and has also been shown to be involved in the non-canonical Wnt pathway in the developing gut (Welsh et al., 2013) , it would be of interest to explore whether DAAM2 is also involved in PCP signaling in the developing brain, similar to DAAM1. DAAM2 was also shown to regulate differentiation of oligodendrocyte progenitor cells (OPC) during development (Lee et al., 2015) . In addition to DVL, DAAM2 was shown to bind to the PIP kinase PIP5K, which regulates PIP2 production and promotes clustering of Wnt receptors. This function in cell proliferation was later supported by the report that DAAM2 is most highly expressed in low-grade glioma and glioblastoma (Zhu et al., 2017) . However, the authors here reported that proliferation in neural cancers was facilitated by higher levels of DAAM2 binding to and promoting the degradation of the tumor suppressor VHL. Understanding how DAAM2 promotes VHL ubiquitination, as well as whether this association plays a functional role in neural development, remains a future avenue of investigation.
Furthermore, given the differences in DAAM2 expression patterns between chick and mouse neural development, delineation of the function of DAAM2 on progenitor patterning and proliferation in the developing mouse CNS is of great importance.
Formin-like (FMNL1, FMNL2, FMNL3) The Formin-like subfamily (FMNL) was first described after discovery of FMNL1 as a forminrelated protein restricted to expression in leukocytes and endothelial cells (Yayoshi-Yamamoto et al., 2000) . Assessment of FMNL1 protein in various tissues demonstrated no expression within the adult human brain (Gardberg et al., 2014) , whereas FMNL2 was reported to be widely expressed in both neurons and glia (Gardberg et al., 2010) . While no specific descriptions of FMNL3 protein expression in the brain have been published, cursory evaluation of the Human Protein Atlas (Uhlén et al., 2015) showed high FMNL3 expression in neurons as well as expression levels of FMNL1 and FMNL2 consistent with the above reports.
As DRFs, FMNL2 and FMNL3 are regulated by autoinhibition that can be relieved by the Rho family GTPase Cdc42 (Block et al., 2012; Wakayama et al., 2015) . Both FMNL2 and FMNL3 are targeted to lamellipodia and elongate ARP2/3-generated F-actin, with loss resulting in narrower lamellipodia, reduced migration, and reduced ability to exert a pushing force (Kage et al., 2017) .
Consistent with the idea that it is involved with actin-based protrusive formation, expression of mEOStagged FMNL2 was shown to accumulate at the tips of spines in hippocampal neurons (Chazeau et al., 2014) . FMNL2 and FMNL3 regulation of actin-based structures as well as microtubule alignment and stabilization has implicated them in the promotion of cancer migration, angiogenic morphogenesis, and polarized vesicle trafficking (Zhu et al., 2008; Hetheridge et al., 2012; Richards et al., 2015; Ren et al., 2018) . Although the developmental timing of FMNL2 and FMNL3 expression in the brain is unknown, it would be of interest to explore whether their involvement in these activities show parallels in neural cells.
FMNL function in the brain has been suggested in two reports. A 54-year-old man with severe mental retardation was identified to have a short 3.9 Mb deletion that included 7 genes, and the authors suggested the loss of FMNL2 was likely the major contributor to the cognitive defects (Lybaek et al., 2009 ). In a later report, missense mutations were identified in both FMNL3 and STXBP5L in a patient with mental retardation (Kumar et al., 2015) . Because STXBP5L regulates neurotransmitter release through regulation of the SNARE complex, and due to the homozygous nature of this mutation in the patient, the authors suggested that the STXBP5L mutations were the major contributor to the disorder. 
Formin homology 2 domain containing (FHOD1, FHOD3)
Although the FHOD family is also within the DRF group and undergoes intramolecular autoinhibition, there have been no identified Rho-family GTPases shown to activate FHOD1 and FHOD3.
Instead, it has been demonstrated that Rho-ROCK1-dependent phosphorylation close to the DAD domain is sufficient to relieve this autoinhibition and activate formin activity (Takeya et al., 2008; Iskratsch et al., 2013) . The expression of FHOD1 has been specifically reported to be absent in the adult brain (Kanaya et al., 2005; Dutta and Maiti, 2015) , however RT-PCR of brain tissue demonstrated expression of FHOD1 at least at the RNA level as early as E15 until P30 (Dutta and Maiti, 2015) . Thus, it is necessary to clarify the cell types that underlie this transient expression of FHOD1 in the developing brain. FHOD3 on the other hand shows expression in various regions of the brain during development and throughout adulthood (Kanaya et al., 2005; Dutta and Maiti, 2015) . FHOD3 forms a complex with the intermediate filament Nestin in a microtubule-independent manner, and high colocalization of FHOD3 with Nestin could be observed in radial fibers extending from the ventricle in the embryonic rat brain (Kanaya et al., 2005) ; however, the functional importance of this association has not been further explored since this report.
FHOD3 also mediates actin cytoskeleton reorganization in response to α5β1 integrin signaling in cancer cells (Paul et al., 2015) . Considering α5β1 integrins are known to be important for neural progenitor cell adhesion, migration, and differentiation (Tate et al., 2004) , it would be of interest to see if FHOD3 plays a similar role in neural progenitor cells. Indeed, it was shown that knockdown of FHOD3 in glioma cells resulted in slowed migration and reduced propensity to spread away from other glioma cells (Monzo et al., 2016) . The authors also suggested that FHOD3 was involved in the generation and/or bundling of parallel actin cables necessary for maintaining the shape of the leading process in migrating cells.
Inverted (FHDC1, INF2)
The inverted subfamily of formins was initially named due to the lack of an N-terminal region preceding the FH1 and FH2 domains in FHDC1 (also known as INF1), which normally contains several regulatory domains (Li and Higgs, 2005) . However, it was quickly shown that despite distinct similarity
of the FH2 domains (Pruyne, 2016) , not all inverted formins lacked this N-terminal region, such as the mammalian INF2 (Chhabra and Higgs, 2006) . Relatively little is known regarding the regulation of inverted formin activity. Due to the lack of DID-DAD autoinhibition in FHDC1, it was suggested that the FH1-FH2 domains functioned in a constitutively active manner, which was supported when expression of full-length INF1 was shown to result in increased actin stress fibers (Young et al., 2008) . INF2 on the other hand shows weak DID-DAD-mediated autoinhibition but lacks a GBD, and instead has been proposed to be regulated by a number of other proteins, including G-actin (Hegsted et al., 2017) . In mice, FHDC1 was shown to have developmentally-regulated expression in the cerebellum, with very high expression in the cell soma of Purkinje cells when assessed at postnatal day 5, and later loss at 2 months old (Young et al., 2008) . The authors also observed weaker staining in the white matter of the adult cerebellum, suggestive of FHDC1 presence in the axons. In various cell lines, FHDC1 was shown to localize primarily to microtubules and could induce acetylation and bundling, as well as link the microtubule and actin cytoskeletons with concurrent reorganization of actin (Young et al., 2008; Thurston et al., 2012) . Similar to DIAPH1, FHDC1 was demonstrated to regulate dispersion of the Golgi apparatus that was both actin and microtubule-dependent (Copeland et al., 2015) . These data taken together suggests the possibility of FHDC1 regulation of Golgi dispersal within neurons.
Similar to FHDC1, INF2 has the ability to bind to, stabilize, and bundle microtubules (Gaillard et al., 2011) ; however, INF2 shows the unique ability to accelerate both actin polymerization and depolymerization, attributed to an actin-sequestering WH2 domain at the C-terminus, along with F-actin severing ability (Chhabra and Higgs, 2006) . Interestingly, the INF2 DID domain was shown to bind to the DAD domain of all three DIAPH formins in a Rho-dependent fashion, but not FMNL or FHOD formins, suggesting this may not be a general interaction shared among DID and DAD-containing formins (Sun et al., 2011) . This interaction was demonstrated to negatively regulate the actin polymerizing-activity of the DIAPHs, suggesting the need for careful interpretation in models expressing both of these formin subfamilies. Perhaps the best-studied cellular function of INF2 is its involvement in mitochondrial fission (Korobova et al., 2013; Ji et al., 2015; Manor et al., 2015) . In several cell lines, INF2 associates with the ER and polymerizes actin at the ER-mitochondrial interface, providing support for myosin-based contraction and fission of mitochondria, which has been shown to be critical for maintenance of dendritic branches and spine formation in neurons (Ishihara et al., 2009; Li et al., 2004) .
Western blot and RT-PCR analyses have shown that INF2 is expressed in the brain (Chhabra et al., 2009; Ramabhadran et al., 2011; Krainer et al., 2013; Dutta and Maiti, 2015) , however cell-specific data is lacking. In the PNS, expression of INF2 was reported in Schwann cells and to a lesser degree in the axons (Boyer et al., 2011) . Mutations associated with the Charcot-Marie-Tooth disease, a group of
hereditary motor and sensory neuropathies, are located in the DID domain of INF2, resulting in an autosomal dominant phenotype (Brown et al., 2010; Rodriguez et al., 2013; Toyota et al., 2013; Mathis et al., 2014) . It was shown that in these patients, in addition to demyelination, Schwann cells had actin-filled filopodia-like protrusions and aberrant accumulation of actin in the soma, suggesting dysregulation of actin, rather than microtubule, dynamics (Mathis et al., 2014) .
Formin (FMN1, FMN2)
While FMN1 is the founding member of the Formin subfamily, FMN2 has been much better characterized in the CNS. FMN2 shows very high expression in various regions throughout the developing and adult brain and spinal cord (Leader and Leder, 2000; Schumacher et al., 2004; Lian et al., 2016) . Despite this, an FMN2 knockout mouse showed no change in brain size or gross anatomical abnormalities, suggesting that it is unlikely FMN2 plays an essential role in neuronal migration or differentiation (Leader et al., 2002) . However, double knockout of FMN2 and the actin-binding protein FilaminA showed that loss of FMN2 significantly decreased brain size and progenitor proliferation compared to the FilaminA single knockout (Lian et al., 2016) . The authors demonstrated this was due to loss of FMN2 and FilaminA-regulated actin-dependent endocytosis of the Wnt co-receptor Lrp6, which led to decreased canonical Wnt signaling normally important for neural cell proliferation. Possibly underlying the reason why the FMN2 knockout mouse showed no differentiation or proliferative abnormalities, FMN2 was also reported to participate in a negative feedback loop of the canonical Wnt pathway by activation of Smurf2-catylzed ubiquitination of β-catenin (Lian et al., 2018) . Thus, FMN2 presents a very interesting example of an actin regulator involved in the homeostatic regulation of the Wnt canonical pathway in neural progenitors.
Consistent with FMN2's well characterized regulation of actin dynamics and bundling, FMN2 has also been linked to axon growth cone maintenance and pathfinding (Sahasrabudhe et al., 2016) .
FMN2 was described to maintain the bundled actin structure necessary for stabilization of the adhesions in growth cone filopodia, thus regulating traction generation. It was further demonstrated that axons showed midline crossing defects in the chick spinal cord, although they did not address why similar defects or motor abnormalities were not observed in the FMN2 knockout mice.
The maintenance of high FMN2 expression in differentiated neurons has been further linked to synapse maintenance and plasticity. In FMN2 knockout mice, it was found that loss resulted in impaired associative learning at 8 months, but not when assessed at younger ages when using fear-based conditioning (Peleg et al., 2010) . In line with these observations, another study showed spatial reference A C C E P T E D M A N U S C R I P T memory was not disrupted in 3-month-old knockout mice; however, reversal learning and synaptic depotentiation was impaired (Agís-Balboa et al., 2017) . These observations suggest FMN2 function in synapses does not affect LTD or LTP and is not required for consolidation of new memories, but is instead required for modifying this information by regulating the reversal of LTP.
In humans, it was reported that a de novo chromosomal interstitial deletion resulting in the loss of FMN2 resulted in mild nonsyndromic intellectual disability (Perrone et al., 2012; Almuqbil et al., 2013) , suggesting that heterozygous loss of FMN2 itself was sufficient to result in a developmental neurological defect in humans. Five individuals with more severe nonsyndromic intellectual disability were further identified to have homozygous FMN2 mutations likely leading to nonsense-mediated decay (Law et al., 2014) . The same authors demonstrated decreases in both spine density in hippocampal dentate granule neurons from FMN2 knockout mice and synapse formation from iPSC-derived neural cells from these patients. While no details were described of the heterozygous parents in the 2014 report, together these reports suggest that FMN2 may play a dose-sensitive role in spinogenesis in humans.
FMN1 consists of six splicing isoforms that have been shown to have differential expression patterns and regulation of the actin and microtubule cytoskeletons. While isoform-specific expression of FMN1 has been reported in the trigeminal and dorsal root ganglia in the embryonic mouse (Chan et al., 1995; Wynshaw-Boris et al., 1997) , to date, only one study has explored FMN1 function in a neural context. It was reported that the proneural transcription factor Neurogenin 3 (NGN3) upregulates FMN1 expression in hippocampal neurons (Simon-Areces et al., 2011) . NGN3 has been shown to regulate neurogenesis (Ma et al., 2009 ) as well as increase dendrite growth and formation of excitatory input (Salama-Cohen et al., 2006) . Simon-Areces and colleagues demonstrated that overexpression of FMN1 phenocopied the dendritic and synaptic changes observed with overexpression of NGN3, and that knockdown of FMN1 abrogated the NGN3 phenotype. From these results, the authors hypothesized that FMN1 mediates NGN3 signaling by regulating the cytoskeletal changes necessary for dendrite formation, although it remains unclear how the actin and microtubule cytoskeletons were modified in response to changes in FMN1 level.
Grid2 interacting protein (GRID2IP)
GRID2IP, commonly known as Delphilin, is the sole member of this subfamily and was identified to interact with glutamate receptor δ2 (GluRδ2) via its PDZ domain (Miyagi et al., 2002) .
GRID2IP is the only formin containing a PDZ domain, commonly found in synaptic scaffolding proteins (Lee and Zheng, 2010) . GRID2IP is expressed most strongly in the Purkinje cells of the cerebellum, as
well as in the cerebral cortex, multiple nuclei of the thalamus and brainstem, and the olfactory granular layer. Differing developmental expression and localization patterns with preferential accumulation either in the dendrites or spines was reported for three splicing isoforms (Miyagi et al., 2002; Yamashita et al., 2005; Matsuda et al., 2006) . Of interest, the α-isoform was reported to show high expression in the mouse cerebellum the first week after birth, with gradual loss by 3 months of age (Yamashita et al., 2005) . The same study noted both the α and β isoforms showed transient expression in the cerebrum and eventual loss. Knockout of GRID2IP was reported to cause no changes in Purkinje cell morphology (Takeuchi et al., 2008) . Although loss of GRID2IP did not change the expression level or localization of GluRδ2 in Purkinje cell synapses, knockout mice showed reduced Ca 2+ requirement for LTD induction. While the molecular mechanism of this response remains to be clarified, of interest, binding of GluRδ2 to GRID2IP was reported to be inhibited by phosphorylation of the C-terminus of GluRδ2 by PKA, a calciumsensitive kinase. (Sonoda et al., 2006) . Furthermore, whether these changes are dependent on GRID2IP's formin activities remains unknown. Biochemical descriptions of GRID2IP have recently demonstrated that at least in vitro, GRID2IP nucleates actin and remains bound to the barbed end without increasing elongation speed, similar to DAAM formins (Dutta et al., 2017; Silkworth et al., 2017) . However, as GRID2IP shows no autoinhibition, it remains unknown how it is regulated in vivo, as overexpression did not appear result in actin organization in cultured cell lines (Yamashita et al., 2005) Final Remarks
In conclusion, formin study within the developing brain remains a sparsely populated field with potential for much investigation. While biochemical studies have given us a good foundational knowledge of the actin and microtubule regulating capabilities of formins Breitsprecher and Goode, 2013; Fernández-Barrera and Alonso, 2018) , both the temporal and subcellular spatial regulation of these activities, the critical aspects of a dynamically developing system, remain to be clarified within neural cells. Developmental expression patterns in the brain are still unknown for the FMNL, FHOD, Inverted, and GRID2IP formin subfamilies. Fairly little is also known of the subcellular localization of endogenous formins despite the unique compartmentalization and cytoskeletal arrangement of neural cells. In addition, recent reports have demonstrated that certain formins preferentially utilize different isoforms of actin (Chen et al., 2017; Silkworth et al., 2017) . Given the observations that multiple aspects of neural development appear to be sensitive to actin isoform (Micheva et al., 2001; Leung et al., 2006; Cheever et al., 2012) this discovery provides another dimension of complexity regarding the translation of formin biochemical function to physiological function in neural cells. Advancements in genetic tools and imaging have now provided us an exciting opportunity to attempt to delineate the complex formin regulation of the actin and microtubule cytoskeletons.
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